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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 

TECHNICAL MEMORANDUM NO- 302. 

EFFECT OF SPEED ON ECONOMY OF AIRSHIP TRAFFIC- * 
By W. Blei stein. 

The speed of the vehicle is important in all transportation 
enterprises. Express trains are operated because the public de- 
mands rapid transit, though its cost mast be partially paid out of 
the receipts from the slower traffic The problem becomes especi- 
ally difficult on the introduction of a new form of conveyance. 
There are no results of past experience to be consulted and we can 
only attempt, through a careful evaluation of all the factors and 
properties of the new conveyance, to make an approximate prelimi- 
nary estimate of its availability. The purpose of this article is 
to consider these factors in the case of an airship. 

Although, if we go back to the first works of Schwarz and 
Count Zeppelin, airships have been in use for 25 years, we find very 
few available data. The reasons for this are that, before tie war, 
their development was very slow and that, during the war, everything 
connected with airships was regarded as military secrets and that, 
after the v»ar, the data collected by airship builders and operators 
remained unpublished for business reasons. Moreover, many of the 
data had been obtained for other than commercial purposes. Even the 
trial trips of the "Bodensee" were made under conditions not appli- 

cable to a commercial carrier. , . 

* From "Zeitschrift fur Flugtechnik und Motor luf tschiffahrt, " October 
28, December 13 and 27, 1924. 
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In addition to these more common difficulties due to a lack of 
statistics, there is ., another . .circumstance affecting the solution of 
speed problems- While, with other vehicles, the actual and relative 
speed are mostly identical, or currents, which might cause differ- 
ences between the two speeds, represent known quantities, in the case 
of an airship we have to take into account the continual changing of 
the wind in both direction and velocity . Since the velocity of the 
wind can be quite high with respect to the airspeed of the airship,, 
we must base our solutions of airship economic problems on carefully 
chosen mean values. This requires the investigation of individual 
cases. 7/e will accordingly endeavor to show first the connection be- 
tween the speed and the factors which affect the cost of operation. 

Definitions *- Aviation, the most recent branch of technical sci- 
ence, employs many expressions which have not yet been clearly 
enough defined to avoid ambiguity. It seems best, therefore, to give 
brief definitions of a few terms which we shall employ in the fol- 
lowing investigation. 

Lift is the buoyant force of the gas in the hull of an airship 
under the conditions of the gas and outside air existing at the time, 
when an airship is in equilibrium, the lift is equal to the "full 
load" and their algebraic sum is zero. 

Ascensional Force is the difference between the lift and the 
full load, when an airship is not in equilibrium. It becomes nega- 
tive or discensional . when the lift is less than the full load* 
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Dead load equals the full load minus the useful load, which, 
in a commercial, airship, consists exclusively of the pay load, i.e., 
the weight of the passengers and freight. 

Weight of Airship equals the dead load minus the weight of the 
power plants and embraces everything required for the trip (includ- 
ing emergency' "ballast) and the crew, so far as they do not belong to 
the power plants. 

Weight of Power Plants includes, in addition to the engines 
and propellers and essential accessories, the power cars (which are 
regarded simply as engine supports and service platforms) and the 
part of the crew in charge of the power plants- 

The weight of the quarters for the passengers and freight, 
whether consisting of special cars or of compartments in the hull, 
may be regarded either as a portion of the dead load or, as in the 
present article, of the pay load, especially as regards passenger 
accommodations- The latter course is justified by the fact that 
greater comfort mea.ns greater weight and correspondingly greater 
charges. 

Fuel includes both gasoline and oil for the engines. In 
weight calculations, the tanks and pipes are often included, since 
their weight depends on the amount of fuel carried- 

Disposable Load is the sum of the fu33l load and the pay load. 

Fuel reserves are added to the regular fuel supply, since they 
commonly bear a, certadn percentage ratio to the latter, while the 
spare parts belong to the equipment of the hull or power plants. 
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Radius of Ac t ion is the distance the airship can travel at a 
given airspeed in still air, with full utilization of the disposable 
load- Hence it is a variable quantity dependent on the speed. 

Symbo ls 

H = lift of airship in kg. 

V = volume of gas in m 3 . 

T = weight of airship in kg (without power plants). 

M = weight of power plants in kg. 

B = weight of fuel in kg (including tanks and pipes)* 

Q = pay load- 

L = disposable load. 

N e = brake horsepower of engines (3.H.P.). 

W = drag of eirship in kg. 

S = flight distance in meters. 

A^ = radius of action in meters. 

Ap = maximum flight duration in hours. 

A^ = maximum flight duration in seconds. 

v = airspeed of airship in meters per second- 

u = ground-speed of airship in meters per second- 

w = wine, velocity in meters per second. 

a = angle of wind to direction of flight. 

3 = angle between" course steered and route traveled. 

T) = efficiency of drive and of propeller. 

a = lift in kilograms per cubic meter of gas. 



* 
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b = weight of fuel consumed in kg per HP- -hour. 

1. = weight in kg of tanks and pipes per 100 kg fuel. 

e = d (1 + i/lOO) = mean total weight in kg of fuel 

consumed per HP. -hour, 
t = time in seconds. 

Using above symbols, we obtain: . . 



u = w cose' + J v s - w 3 sin 2 a (Fig. l) (1) 

v - + J u 2 + w 3 - 3 u w cos a (Fig. 1) (2) 

H = T + II + L (kg) (3) 

L = Q + B (kg) (4) 

H = a V (kg) ( 5) 

U = c v s/3 v 3 , good for similar airships (6) 

N e = C v 3 , good for one and the same airship (6a) 



'e 

= e K 



e 36C0 



(7) 



N 0 = (8) 
"e 7511 
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PART I. 

Economic Service .- By this is -meant the airship service for 
which the public pays. The factors of this service are the loads 
carried and the distances traveled. Generally the transportation 
charges are based on the ton- kilometer or passenger- kilometer. 
The time consumed in a trip has a very indefinite value. The speed 
of the vehicle is, in a certain sense, prescribed to the user. 
Sometimes he Hill pay more and at other times less than the value 
the speed really has for him. On the other hand, the carrier must 
adopt a speed which he considers suitable for the traffic on the 
given line. The economic service is therefore always "based on a 
certain speed. In each instance it is the product of the load times 
the distance, i.e., the transportation work QS in kg-m at the 
speed u- 

The charges are based on the scheduled speed, but the expenses 
depend on the airspeed required for maintaining the necessary ground- 
speed, under the prevailing velocity and direction of the wind. The 
relation of these quantities is given by equations (1) and (2). 

Maximum Economic Service .- Although it by no means follows that 
the maximum economic service coincides with the maximum economy of 
operation, it is nevertheless important to determine under what con- 
ditions an airship can perform its maximum economic service. For" 
the sake of simplicity, the effect of the wind on the ground-speed 
will at first be disregarded, thus assuming the ground- speed to be 
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equal to the airspeed. 

In the present article, the efficiency is considered constant- 
This assumption is justifiable in the range of velocity variations 
occurring in normal traffic, since, in the vicinity of the maximum, 
at which the work must naturally be done, the efficiency is nearly 
constant. The object of the experiments is to obtain data for a 
suitable airship design. We are therefore perfectly free to con- 
struct the airship on the basis of such data and to so choose the 
parts as to attain the maximum efficiency under the assumed condi- 
tions - 

The airship belongs to the class of vehicles which carry their 
source of power with them. Hence there is a relationship between 
B and s, which may be found as follows: 

Equation (7), multiplied by v, gives 

- B - e » e sife (9) 
Since vt = S, we have 

q = v B -5600 (10) 
e N e 

and, talcing equation (8) into consideration, we have 

q - 75 x 3600 B T) (11) 
b ~ e W 

. _By» sub st-itu ting this value in equation (9) and simultaneously 
writing Q = L - B (eq. (4)), we, have 



Q S = 



75 x 5600 B (L - B)T1 ( 12 ) 



t 
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Since uniformity of speed is assumed, L, e, r\ and W are con- 
stant and the economic service is maximum, when 

a(Q . S) = o. 
d B 

■ Hence 




The maximum economic service is therefore attained when the 
weight of the fuel equals half the disposable load. Since, however, 
the radius of action equals the distance which can he traveled when 
the fuel constitutes the entire disposable load, it follows that the 
maximum economic service is attained when the transporting distance 
equals half the radius of action. 

This rule is, in a certain sense, fundamental, since equation 
(13) shows that the airspeed v 'does not affect its validity- It 
is not even affected by the strength and direction of the wind, if 
the calculations are based on the mean velocity for the whole dis- 
tance* 

Radius of Action .- If the radius of action of an airship at a 
given speed is known, its economic service can then be directly de- 
termined for any distance. The quantity of fuel B = L corresponds 
to the radius of action. If the distance is shortened, less fuel is 
required and the pay load Q can be increased by the same amount. 
If we express the distance S in percentage of the radius of action 
and the actual pay load in percentage of its maximum, we obtain 
Table I and Fig. 3. 
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This curve is valid for any airship and any radius of action 
at the corresponding speed and shows what percentage of the maximum 
pay load can "be transported any desired distance. The correctness 
of this statement follows from the following considerations- 

The radius of action is the product of the speed and the maxi- 
mum duration, hence A R = A^ v (14)- 

Since, for the radius of action, the weight of the fuel equals 
the' total disposable load, the equation 

e N e t _ e 0 v 3 t 

3 = 3600 ~ 3600 

changes into the form 

e C v 3 Aj 
L = 3600 

and becomes 

Ap = 36Q0L (15) 
e 0 v ' 
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Table I. 
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Since L, e and C are constants of the airship under consider- 
ation, the proportion for another radius of action A R with its 
corresponding speed v^ will read A R : A R = : vf 

or A R ¥ 2 is a constant (Fig- 3) 

(16) 

Hence the law that the radii of action are inversely propor- 
tional., to the, square of the corresponding speeds-* 

The transportation -distance corresponding to the maximum eco- 

* For any given airship, the upper portion of the curve is limited 
by the magnitude of the maximum speed and it becomes necessary to 
consider the changeableness of the efficiency at the lower speeds. 
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nomic service for the chosen speed v^ , then becomes 



S > = | Ar - (17) 



If, for a given speed v, , any given distance S 2 is greater 
or less than s a , the corresponding work of transportation is 

S 2 = i (2 - |a.)Q, B, ' (18) 

in which the symbols with the suffix a are the symbols corresponding 
to the maximum economic service. Equation (18) corresponds to a 
parabola of the form y = 2x - x s , in which y = Q 2 S 3 : Q x S a and 
x = S 2 : Sj. If, as in Fig- 2, the distance S 2 is expressed in 
percentages of the radius of action, the parabola passes over to 
the form y = 4x - 4x 2 . 

The importance of the radius of action renders it desirable to 
be able to find its relation to the speed from the structural data 
of the airship. As already mentioned, its magnitude depends on the 
available amount of fuel, which, according to equation (3), is 

B=L=H-T-M (19) 

If the weight of the power plants, with reference to the brake 
horsepower of the engines, is designated by i, 

, ..... ....... i = §- (kg/HP.) (20) 

and . ...... . 

H - T = K ' ( 31) 

then, by employing equations (19) and (20), we obtain 

L - K - i N e • (22) 
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The fuel consumption per second is represented by e H e /3600- 
The flight duration is then 

A d - 3600 — - 1 '»> (33) 
e N e 

or, by employing equation (6a), 

A d = 3600 ( K - i G v 3 ) *' (24) 

e C v 3 

According to equation (15), the maximum transportation work 
E is then 

E = I A R -J- L = 56Q0 ( K - i C v 3 ) {K _ ± G v 3 j 
' 2 n 3 4 e 0 v 3 

E = 900 (K - 10 v 3 ) 5 (25) 
e C v 

Speed of Minimum Fuel Consumption .- While the previous deduc- 
tions were for the purpose of discovering under what conditions the 
maximum service can be gotten from an airship, i.e., how to get the 
maximum income, we must now try to learn under what conditions the 
expenses can be reduced to the minimum. The operating expenses of 
an airship consist chiefly of the expenditures for gas and fuel 
(including oil). The gas consumption is dependent on the permea- 
bility of the gas bags and on the flight altitude. In a certain 
sense the flight altitude depends on the fuel consumption, at 
least in the absense of any device for providing ballast during 
flight, and the fuel consumption is, in turn, dependent on the 
speed. In connection with the present investigation, it will 
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therefore he necessary to determine only at what speed the fuel 
consumption is smallest, in order to be simultaneously convinced 
that the' gas consumption, in so far as it is effected by the fuel 
consumption, is subject to the same conditions. (See C. V/iesels- 
berger, "Zeitschrift fur Flugtechnik und Motorluf tschif fahrt , " 
1913, No. 2, and W. Blei stein, "Z.F.& M. " No. 5, 1924.) 

The fuel consumption per time unit, according to equations 
(6a) and (7), is e C v 3 /3600 and per distance unit it is 
e 0 v 3 /3600 u. This expression'bscomes a minimum for 

d e c v3 

3600 u = o (26) 
•dv 

If, with the aid of equation (1), u is replaced by v, w 
and a, equation (26) becomes 

e C v 3 

3600 (w cosa + J v 2 - w 3 sin 2 a)_,_ 
— — — 

and we find, as the expression for the minimum fuel consumption per 
time unit, 

v eo = w / | (4 - cos 2 cc - cosay 8 + cos 3 a) (27) 

For the application of this equation, it is best to return to 
the value v ec /w, which, in Fig. 4, is plotted against the angle a. 

The speed, according to equation (27), can be designated as 
an economical speed, but only with exclusive reference to the gas 



a 
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and fuel consumption- It depends only on the direction and 
strength of the wind- When there is no wind, there is no speed of 
minimum fuel consumption, since v ec , then equals zero and every 
speed increase necessitates increased fuel consumption. This con- 
clusion follows from equation (7), since, with u = v, the con- 
sumption per unit distance becomes e 0 v s /3600- Also with the 
wind in the flight direction (a =0°), v ec ,= 0. With a head wind 
(a = 180°), v ec> = 1.5 w, so that the speed of minimum fuel con- 
sumption is equal to one and a half times the wind velocity. 

On account of the continual variations of w and a, an air- 
ship will have on every trip a different speed of minimum fuel con- 
sumption. Even during the same flight, v ec . can vary considerably. 
We would he led to wrong conclusions if we should combine a mean 
value of this speed with the maximum economic service in order to 
arrive at the maximum economy of operation. Part II will show 
what effect the speed of minimum fuel consumption really has on the 
cost of traffic enterprises. 

Gas Consumption — It has already been mentioned that the con- 
sumption of the lifting gas depends chiefly on the flight altitude. 
Increased speed increases the fuel consumption, thus more rapidly 
lightening the load and increasing the ascensional force of the air- 
ship, which causes it to rise until it reaches the altitude of max- 
imum internal pressure, where gas is released and equilibrium is 
restored by the loss in lift. There are, however, ways of reducing 
this loss- We have already mentioned the obtaining of water bal- 



S.A.C.A. Technical Memorandum No. 302 15 

last from the exhaust gases. Though theoretically easy, this meth- 
od has not yet been perfected. .It is also possible to hold an air- 
ship dynamically, by means of the elevator, at the desired altitude. 
This method is, however, seldom and reluctantly resorted to, because 
a so-called "light" airship steers badly and loses speed on account 
of its inclined position. This loss of gas is proportional to the^ 
fuel consumption and amounts to B/a (lift per m 3 ) for the whole 
flight. 

It is also probable that the pressure variations, existing on 
the surface Of the airship during flight and whose magnitude de- 
pends on the speed, affect the gas losses through the permeability 
of the gas bags. No experimental tests of this have been made but 
the effect is certainly so slight, in comparison with the gas losses 
resulting from the fuel consumption, that it may be disregarded. 

Grew .- The weight of the crew and their quarters is considered 
as being included in the dead load. In general, the size of the 
crew depends on the size of the airship. Any accurate rule can 
hardly be formulated to estimate these costs for a single trip. 
The crew number does not vary much for a given. size of airship. 
It depends more on whether a single, double, or triple watch is re- 
quired, according to the length of the voyage. The number of at- 
tendants for the engines depends on the number of engines, rather 
than on the total horsepower. 

For determining the operation expenses, the question still re- 
mains open, according to the size of the airship, for upon this de- 
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pends the original purchase price, the amortization, the value of 
the plant, upkeep, reparations, etc- Hence, it is always desirable 
to get along with as small an airship as possible and it is all 
the more important to determine the relation between speed and size* 

Size of Airship .- The foregoing deductions apply to airships 
of any size, while assuming that the engine power is always suffi- 
cient for attaining the maximum economic service and the desired 
speed- Since, theoretically, the size of an airship can be re- 
duced until its lift only just equals its dead load, so that it 
has no carrying capacity, and since, on the other hand, with in- 
crease in the size of an airship, the engine power and fuel con- 
sumption, necessary to attain a certain speed, increase, we can 
not be satisfied with the foregoing relations. It is quite con- 
ceivable that a. carrying capacity, which is the best for a given 
airship, may be attained by another airship or by the same air- 
ship under more favorable conditions, without being the best- In 
order to clarify these relations, we must determine what effect 
the speed has on the size and weight of the airship. 

The lift must equal the combined weights of the airship prop- 
er, the power plants, fuel and carrying capacity, i.e., the "full 
load." Hence H=T+M+B+ Q, all the members of this expres- 
"sion yM bei-ng-d-ependent on the ..two variables V and v. 

The value of T. can be determined only by experiment and is 
difficult to obtain- It may be assumed that the weight of the 
airship proper varies from approximately as the 3/3 power of its 
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volume up to its full volume- As we shall show later, the value 
T = it v * /s is sufficiently accurate for the present investigation- 
The expression for M can, with the help of equations (6) and 
(20) toe reduced to the form 

M = i e V 3/3 v* (30). 

If the flight distance is given, B can likewise toe replaced toy 
an expression containing only V and v as unknown quantities. 
From B = e N e t/3600 we ototain, for no wind with t = s/v 

• B = g o v " /3 v 3 s • (31) 

to 3600 

If we assume that an airship is to toe designed for the maxi- 
mum carrying capacity, Q must equal B- Then, since H = a V, 
equation (29) "becomes 

a V = k V 5 + i c V" + ( 32 ) 

If, for further simplification, we adopt T = k V 27 *' in- 
stead of T = k 1 v'*' 5 , we then ototain the very simple form 

If no consideration toe given the maximum carrying capacity 
(i.e., if q may toe either" less or greater than B), then no 
simple form, after the manner of equation (32a), is possible and 
we are compelled to find, by certain expedients, the value of V 
from the equation 

a V = k V* /5 + i cV 3/3 v f e c "Qf- S - + 0, (33) 
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We must once again call attention to the fact that equations 
(32), (32a) and (33) can be used only fox rough calculations, such 
as are allowable for preliminary calculations to determine whether 
an enterprise is likely to be profitable- We must understand that 
the exponent of the first expression and the coefficients depend 
entirely on the designer. In what folloxTs, it will therefore be 
necessary to consider more carefully all the coefficients thus far 
employed* 

Coefficients , a = coef ficient of lift (kg/m 3 ).- The coeffici- 
ent a is equal to the lifting force, in kg, of a cubic meter of 
gas. It is largely dependent on the temperature of the gas and 
air, the barometric pressure, the gas density and humidity. With 
the symbols adopted by Prof.. Eberhard-t, its value is - - 

... a =.3^5-^- 0 : 377 >- s fr), < 34) . 

( : See prof- C Eberhardt ," "Luftschiffahrt" and Prof." R.' Sindeh,. 
"Grundlagen der -Ballonfuhrung. "• ) "" r • ' t 

Hence it is very changeable and, ' in order to determine the 
suitable type of airship, we must know, a.s acc.ura.tely as possible, 
the 'mean values of the "factors, namely the temperature of the gas 
and air, ' the barometric pressure, the gas density "and the humidity. 
As practical computation ve,lues for good gas at sea-level, we can 
adopt for 

Hydrogen, a w = 1.16 - 1.17 kg/m 3 , 
Helium, a^ = 1.0>- 1-08 kg/m 3 . 
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■ b = fuel consumption in kg/HP. -hr .- The specific fuel consump- 
tion is a characteristic of each engine. It is desirable for it 
to be as small as possible for the R.P.M. and HP. and air density 
constituting the working conditions of the engine. The minimum 
fuel consumption of present-day engines is about 180 g per HP.-hr* 
and the minimum oil consumption is about 8 g per HP. -nr. For ap- 
proximate calculations, we may therefore employ b = 0.2 kg/HP. -nr. 

o = coefficient of drag (kg. x . s.. s /m* ) This coefficient, with 
the aid of equations (6) and (8), becomes c = |7/75T)g. The ex- 
pression ty/g (See "Hutte" 22, I, 359) was combined with the fac- 
tor 1/7511 , because all printed airship data always give only the 
B.HP. of the engines, but not the efficiecy of the drive and. of the 
propeller. Hence it seemed better to find the unknown quantity c 
as a whole and sub sequent ly to use it, than to increase the inaccu- 
racy by splitting it up into factors. From the published data on 

Schutt e-Lanz and Zeppelin airships we obtain, from N = c V 2/3 v 3 , 

_ 5 

a value c = 3 x 10 for modern types (Table II). For r\ = 0.75 
this would give a I of about 0.0127. This value is naturally 
l&xger than published drag coefficients of airship models, because 
it includes the whole airship with tail unit, cars, etc, while 
wind tunnel experiments are generally performed with hull models 
only. 
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48229 


75.72 


2-68 


y 


20000 


960 


36.8 


737 


49836 


36.73 


2.61 


z 


22550 


960 ! 


35.4 


798 


44361 


35.41 


2.71 


b 


25000 


j 

740 


24.5 


855 


14-710 


12.57 


5.88 


c 


32500 


840 


23.6 


1018 


13140 


13.39 


6.28 


d 


35100 


840 


25.9 


1072 


17370 j 


18.63 


4.51 


e 


38800 


960 


26.9 


1146 


19465 | 


22.31 


4.30 


f 


56350 


1200 


28.5 


1470 


23150 i 


34.02 


3.53 


g ! 


63800 


2240 


34 


1597 


39300 ! 


62-76 


3.57 


h ! 


78000 


2240 


32.5 


1821 


34330 ! 


65.51 


3.58 



Types k to z, Zeppelin airships; b to h, Schutte-Lanz airships- 



The magnitude of c is subject to great fluctuations. It is affect- 
ed by the shape and nature of the surface of the airship hull, by 
the number and size of the tail planes, by the arrangement and na- 
ture of the cars, etc- In calculating c from the data of actual 
airships, allo?ra.nce must be made for the fact that the airship vol- 
ume-is -always- -given as -the gas volume, while the drag refers to the 
outer volume. In similar airships, however, the outer volume may 
be regarded as a constant multiple of the gas volume, without great 
error. In Table II this constant is already contained in c 
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e = gross fuel consumption in kg/HP . -hr . - This value is com- 
posed of the weight of the fuel consumed per HP. -hour plus the cor- 
responding fraction of the weight of the tanks and piping for each 
100 kg of fuel (see later under i), so that e = b (1 + l/lOO) , 
0.214 kg/HP. -hr. 1:eing taken as the value of e. 

i = weight coefficient of the power plant in kg/H P . (See equa- 
tion (20)).- The value i = M : N e is naturally not constant. 
Aside from the type and quality of the engine, it depends on wheth- 
er the total power is obtained through large or small engines,, 
through many or few power units- The following values were ob- 
tained from actual and computed data. 

Table III 

N 500 1200 2400 3000 3900 HP ■ 
~I 5TT 474 ~T73 4 3.95 kg/HP. 

Although, in these values, no consideration was given to uni- 
formity with respect to the power of the individual engines or 
their number, they nevertheless give, as plotted in Fig. 5, a quite 
regular curve, which seems to justify the claim that the weight of 
the engines, with respect to their power, increases as the total 
power decreases. For subsequent calculations, the value i = 4 kg/ 
HP- was taken. 

k = weight coefficient of the airship hull (kg/m- 2/5 ) — The 
determination of the weight coefficient for the hull of the air- 
ship encounters the greatest difficulties. Here scientific prog- 
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ress, the constructor's knowledge, , the t3n?e o f airship, the safety 
factor, in short, so many factors are involved that conclusions 
can be drawn from published data only with the greatest discretion. 
We never know how much the weights are affected by the volume of 
the airship* If we trace, from the calculated numbers given in 
Table IV, the line T = f(V) (Fig. 6), we can draw from it no ab- 
solute conclusion- It is obvious, however, that the first air- 
ships of a building period are more difficult to construct than 
subsequent ones, due to less experience. It can be confidently 
claimed only that the weight increases somewhat more slowly than 
the volume. Likewise, pure mathematical calculations can give 
only the approximate conclusion that the weight changes somewhat 
less than in proportion to the volume, but apparently somewhat 
more than proportional to the 3/3 power of the volume. If the 
actual change has ever been determined, it has been kept secret 
by the construction firms- In order to proceed farther, it was 
assumed that the weight of the hull is proportional to 7 4/5 . 
This probably approximates the actual weight of airships of the 
sizes entering into the problem. Even with this assumption, how- 
ever, we cannot proceed without reservations. Data on individual 
weights are nowhere to be found- Even the total weights of the 
airships must be found by subtracting the useful load from the 
lift. After this is done, the weight of the hull must be found by 
assuming the correctness of the coefficient i (Table IV). The 
value of k is then obtained from a V = L + k V 4/5 + M, accord- 
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ing to equation (32): 



k = a V - L - _M (35) 

k 

(a?) 4 " 5 ' 



In subsequent calculations it was assumed that k = 6 i . j - ttz . 



Table IV 



Tvne l)Year V N L M 1 H ; T ' If 

TYP built m 3 HB. kg kg kg kg kg/m 12/s 



1- 

K 


TOT 7 






GO O.O 

CO '~"J 






1 P7QO 


4 

*x * 


4Q? 


1 


±y ±4 


<5Cj J-4U 


O'iU 


Q Q cr> 
oodD 




<oDt?UU 






777 
iff 


m 


T PI T A 

19 14 


<d24rU 


DOU 


coon 


0I0U 


0 conn 




4. 


603 


7-1 


191 A 

Xiy i. x 




630 


12200 


3150 


29250 

to \J CO 


13900 


4- 


214 


o 


1915 


24900 


630 


11100 


3150 


29130 


14880 " 


4. 


525 


p 


1915 


31900 


840 


16200 


3220 


37320 


17900 


4. 


465 


q 


1915 


35800 


960 


17900 


4520 


41890 


19470 


4. 


426 


r 


1916 


55200 


1440 


32500 


6410 


64580 


25670 


4. 


128 


s 


1917 


55500 


1200 


36400 


5520 


64940 


23020 


3. 


687 


t 


1917 


55800 


1200 


37800 


5520 


65290 


21970 


3. 


504 


u 


1917 


55800 


1200 


39000 


5520 


65290 


20770 


3. 


312 


V 


1917 


56000 


1200 


40000 


5520 


65520 


20000 


3. 


180 


w 


1917 


68500 


1200 


52100 


5520 


80140 


22520 


3. 


041 


X 


1918 


62200 


2030 


44500 


8630 


72770 


19640. x 


2. 


871 


y 


1919 


20000 


960 


10000 


4520 


23400 


7880 6 / 


2. 


856 


z 


1921 


22550 


960 


11200 


4520 


26320 


9100 6 ) 


2. 


996 


b 


1914 


25000 


740 


7900 


3590 


29250 


17760 


5. 


384 


c 


1915 


32500 


840 


14000 


4030 


38020 


19990 


4. 


913 


d 


1915 


35100 


840 


15700 


4030 


41070 


21340 - 


4. 


931 


e 


1916 


38800 


960 


21500 


4510 


45400 


19390 


4. 


135 


f 


1917 


56350 


1200 


37500 


5520 


65930 


22910 


3. 


625 


g. 


7) 


63800 


2240 


46100 


9410 


74650 


19140 


2.742 


h 


7) 


78000 


2240 


59500 


9410 


91260 


22350 


2-727 



1) As published in "Zeit schxif t fur Flugtechnik und Motorluft 

schiffahrt," only airships after 1912 being taken. 

2) M is computed from M = i N e , wherein i is taken from 

Fig. 5- 

3) H = a V, v/herein a = 1.17 kg/m 3 . 

4) T = H - M - L. 



5) k - T : V 5 . 6) and 7) See next page. 
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I = weight coefficient of fuel tanks and pipes -- According to 
completed structures, tis can calculate on about 7 kg for tanks and 
pipes for every 100 kg of fuel. Hence I = 0.07 kg per kg of fuel. 

Connection between v and V .- With the given bases for the co- 
efficients, we can proceed to the further consideration of equa- 
tion (33). 

From the weight balance (equation (29)), H = T + M + B + Q, 
an expression was obtained by transformation, which practically 
contained the magnitude and speed of the airship. It was 



a V = k V 4/5 + i c V s/3 v 3 + 6 C | 6QQ S V + Q- 



If we make the last two terms of the right side, which repre- 
sent the fuel and pay load, equal to zero, then the equation repre- 
sents an airship whose total lift is entirely absorbed by the 
weight of the airship and power plants. From this we accordingly 
obtain the theoretical maximum speed for each airship volume. 



a y = k V 4/5 + i c V s/3 v 3 ■ 

v a = a M - k V (36) 

i c 



v . y a V /a - k V 2/]5 (37) 

the latter being the upper sp eed limit of an airship of given size. 

* (Cont- from Page 23.) 

6) Reduced 50 kg per passenger, on account of passenger ar- 

rangements- 

7) Destroyed before completion, in fulfillment of treaty 

stipulations * 



1 
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This value is of interest in so far as we might wish to know 
,the range of possible speeds in enterprises with airships of a 
given size. 

The numbers in Table V and the curves in Fig. 7 were obtained 
with a = 1.17 kg/m 3 , k = 3 kg/m is/s , 1 = 4 kg/HP- , c = 3 (10 
kg s 2 m* ) - 

Table V- 



- 5 



V 


aV 1/3 


kV 2/l5 


3/3 - -.3/15 

aV -kV 


aV V - 3 - W 3/,s 


3 /aV V3 -W 3/,s 


i c 


y 1 ° 

m/ s 


30000 


31.761 


10-980 


30.781 


173200 


55-7 


40000 


40.014 


12.323 


37.691 


230800 


61.3 


60000 


45.804 


13 . 008 


33.796 


273300 


64-9 


80000 


50.414 


13.517 


36.897 


307400 


67.5 


100000 


54.308 


13.925 


40.382 


335500 


59.6 


130000 


57.710 


14.367 


43 • 443 


362000 


71.3 


140000 


60.753 


14.564 


46.189 


384900 


73.7 


160000 


63 . 51S 


14.835 


48 - 694 


405800 


74.0 


180000 


56.063 


15.060 


51.003 


425000 


75-2 


300000 


68 • 433 


15.373 


53-150 


443900 


76.2 


250000 


73-688 


15.734 


j 57.954 


483000 


78-5 


300000 


78.325 


16.131 


62.204 


519300 


80.4 



We see that the speed limits are about twice as high as the 
actual maximum speeds of modern airships. 

Speed limits for given airship sizes and di stances.- Continue 
ing on the given line, we come next to the question of the maximum 
speed for a given distance, without reserving any of the carrying 
capacity for pay load, as in the case of a military observation 
airship. With Q = 0, equation (33) becomes 
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By transforming, we obtain 

v + 3600 i i c {68) 

This equation is best solved graphically, as follows: Each 
expression contains the dimension m 3 /s 3 - If we introduce into a 
diagram in the ordinate scale m 3 /s 3 the expression of the right 
side as a function of v" and the sum of the expressions of the 
left side of the equation as a function of v, the corresponding 
values will then fall on the seme ordinate- This is most clearly 
done by drawing the curve of the function of V on one side of 
the ordinate axis and the curves of the function of v for differ- 
ent values of S on the other side. Thus we obtain Fig, 8 with 

the values of Table VI, wherein the values for — — - " 

* x c 

are taken from Table V. 
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Table VI- 



Values fox equation- (-38) . ■- Determination of v 3 + ® 
3600 i 



V 


v~ 


e b v 

uUUU 1 

S=1000 


_a , e S V 2 

ODUU 1 

3=1000 


S=2000 


S=3000 


S=4000 


S=5000 


5 


135 


434 


559 


993 


1437 


1861 


3395 


10 


1000 


1736 


- 3736 


4473 


6308 


7944 


9 680 


15 


3375 


3906 


7381 


11187 


15093 


18999 


33905 


30 


8000 


6944 


14944 


31889 


38834 


35778 


43732 


25 


15635 


108 51 


36476 


37337 


48178 


59039 


69880 


30 


37000 


15635 


42635 


58350 


73875 


89500 


105135 


35 


42875 


31368 


64143 


85411 


106679 


137947 


149315 


40 


64000 


37778 


91778 


119556 


147334 


175112 


303890 


45 


91135 


35157 


136383 


161439 


19 6596 


231753 


266910 


50 


135000 


4-3403 


168403 


311806 


355309 


298612 


342015 



V 


V 3 


S=6000 


S=7000 


S=8000 


S=9000 


S=10000 


5 


125 


2729 


3163 


3597 


4031 


4465 


10 


1000 


11416 


13152 


14888 


16624 


18360 


15 


3375 


26811 


30717 


34623 


38529 


42435 


20 


8000 


49667 


56612 


63556 


70500 


77445 


25 


15625 


80731 


91582 


102433 


113284 


124135 


30 


27000 


120750 


136375 


152000 


167625 


183250 


35 


42875 


170483 


1917 51 


213019 


234287 


255555 


40 


64000 


230658 


258446 


386224 


314003 


341780 


45 


91125 


302067 


337224 


372381 


407 538 


442695 


50 


125000 


385418 


428821 


472224 


515627 


559030 



Here also the same values as before were adopted for a, k, i 
andc, the value chosen for e being 0.25 kg per Hp.-hr. The val- 
ue of e is greater than the value previously given (0-214 kg/HP. - 
hr - ) > in Order to: allow v for adequate reserves- The curves were com- 
puted for values of S from 1000 to 10000 km. 

If , for example, we desire to find the maximum velocity of an 
airship of V = 50000 m 3 with a radius of action of 5000 km, we 
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follow the abscissa V = 50000 to its intersection with the curve 
of. the, V ... function and the corresponding ordinate to its intersec- 
tion with the curve of the v function for S = 5000 Ion. The ab- 
scissa belonging to this point gives the maximum speed v = 4-1.7 
m/s (about). 

Interdependence of size of airship 4 maximum spe e d, distance 
a nd pay load — The last investigation in this series is intended to 
determine the maximum speed for airships of different sizes, when 
the distances and pay load are given. If this investigation is 
successful, we will have a basis for answering the most important 
question of such a traffic enterprise, since the determination of 
the maximum speed for a given size of airship is synonymous with 
the determination of the minimum, size of airship for a given speed. 
We thus obtain the necessary information for reducing the capital 
investment to a minimum. 

Also the unabridged equation 

. , 4/5 . a/a 3 e c V s/3 v 5 S , A frzns 
a v = k v +icv v + 3600 ° ' 

can he best solved graphically. If the transformation is made in 
the same manner as before, we obtain 

Fig. 8 is changed only in so far as we replace the former 
curve for the V function by a set of curves determined by the 
value of Q. 
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Table VI i and Fig. 9 were made with the values previously em- 
ployed, in v/hich Q was given a value of 1000 to 50000 kg. The 
corresponding values again lie on the same ordi nates and the meth- 
od of finding desired values is the same as previously described. 

Moreover, the distance between the curve for S = 0 and the 
curve for any desired value of S serves as the scale for correct 
interpolation and extrapolation. ' This answers for Q. 



Table VI I. 



V 
m 3 


1/3 2/ T5 

aV -lev 
i c 




■ ■ (n 3 /S 3 ) for 


Q = (kg) . 


1000 


2000 


5000 


8000 


ioooo ■ 


12000 


20000 


173175 


11310 


22620 


56550 


90480 


113100 


135720 


40000 


230758 


7125 


14250 


35625 


57000 


71250 


8 5500 


60000 


273300 


5437 


10874 


27185 


43496 


54372 


65244 


80000 


307381 


4488 


8975 


22440 


35904 


44885 


53856 


100000 


336517 


3868 


7736 


19340 


30944 


38680 


46416 


120000 


362025 


3425 


6850 


17125 


27400 


34353 


41100 


140000 


38 4908 


3091 


6182 


15455 


24728 


30907 


37093 


160000 


405785 


2827 


5654 


14135 


22616 


28275 


33934 ' 


180000 


425017 


2614 


5228 


13070 


20912 


26139 


31368 


200000 


442818 


2437 


4874 


12185 


19496 


24367 


39344 


250000 


482950 


2100 


4200 


10500 


16800 


20999 


35300 


300000 


519200 


1860 


3720 


9300 


14880 


18595 


33330 
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Table VII (Cont.) 



v 

m 3 


aV — kV 




Q . 


(m /S ) 


for Q = ( kg) . 


i c 


l c V 


15000 


' 20000 


25000 


30000 


40000 


50000 


20000 


173175 


169 660 


226200 


282750 


339300 


452400 


565500 


40000 


230758 


106875 


142500 


178125 


2137 50 


285000 


356250 


60000 


273300 


81555 


108740 


135925 


±bo±±U 


ot r? AO A 




80000 


307381 


67320 


89760 


112200 


154640 


179520 


224400 


100000 


336517 


58020 


77360 


96700 


116040 


154720 


193400 


130000 


362025 


■ 51375 


68500 


85625 


1027 50 


137000 


171250 


1 40000 


384308 


46365 


61820 


77275 


92730 


123640 


154550 


160000 


405783 


42405 


56540 


70675 


84810 


113080 


141350 


180000 


425017 


39210 


52280 


65350 


78420 


104560 


130700 


200000 


442818 


36555 


48740 


60925 


73110 


97480 


121850 


250000 


482950 


31500 


42000 


52500 


63000 


84000 


105000 


300000 


519200 


27900 


37200 


46500 


55800 


74400 


93000 
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Table VII (Oont.) 





... - a V ,/3 ~k V 2/,s 


, 0. . 


(m 3 /S 3 ) for Q = (kg) 








i c 


i c V 2/3 




V m 3 


1000 


2000 


5000 


8000 


10000 


13000 


20000 
40000 
60000 
80000 
100000 
120000 
140000 
160000 
180000 

•J- L-) V_/ \j \j \j 

200000 
250000 
300000 


161865 
223633 
■ 267863 
. 302893 
332649 
358600 
381817 
402956 
422403 
440381 
4808 50 
517340 


150555 
216508 
262426 
298405 
328781 
355175 

400129 
419789 
437944 
478750 
515480 


126635 
195133 
346115 
384941 
317177 
344900 
359 453 
391648 

/IT 1 Q A'y 

430633 
473450 . 
509900 


82695 

173758 
P2QROA 

271477 
305573 
334625 
360180 
383167 
404105 
423322 
• 466150 
504320 


60075 
159508 

oJ-OC?£5o 

363496 
297837 
327772 
354001 
377508 
398878 
418451 
461951 
500605 


37455 
145258 
308056 
243525 
290101 
320935 
347816 
3718 59 
393649 
413574 
457750 
496880 


V in 3 


15000 


20000 


25000 


30000 


40000 


50000 


20000 
40000 
60000 
80000 
100000 
120000 
140000 
160000 
180000 
200000 
250000 
300000 


3525 
123883 
191745 
240061 
278497 
310650 
338543 
363378 
385807 
406263 
451450 
491300 


88258 
164560 
217621 
259 157 
293525 
333088 
349243 
372737 
394078 
440950 
482000 


53633 
137375 
195181 
239817 
276400 
307633 
335108 
359667 
381893 
430450 
472706 


17008 
110190 
173741 
320477 
359375 
393178 
330973 
346597 
369708 
419950 
463400 


55820 
137861 
181797 
335035 
361268 
392703 
320457 
345338 
398950 
444800 


1450 
83981 
143117 
190775 
330358 
364433' 
394317 
330968 
377950 
426200 



Relation between V and v, when S and Q, are given .- In many 
instances S and Q are- to be regarded as given quantities, i.e., 
the main object is to carry a given load a given distance. The 
question then arises as to the relation between V and v. This is 
answered by a curve which can be constructed from Fig. 9. 
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Supposing that the curve V = f(v) for Q - 50000 kg (or 50 
tons) and S =10000 km. We utilize the corresponding points of 
the curves for Q = 50000 kg and S = 10000 km and introduce 
them best in a special diagram as V = f (v) . Fig. 10 gives both 
the original curves 

! _ _ _ _ . , fpr q _ 5000O kg 



11 58 ^ + 3600 i vS for S = 10000 ^ 
and the desired curve 

III = V = f(v) for Q = 50000 kg and s = 10000 km 

The previous investigations served to obtain from the charac- 
teristics of the airship the bases for determining the effect of 
speed on the profitableness of an airship traffic enterprise. 

It was demonstrated: 

1. That the maximum economic service is attainable for a dis- 
tance of half the radius of action; 

2. That the radii of action of an airship are inversely pro- 
portional to the squares of its speeds; 

3. That there is a speed of minimum fuel consumption only 
when the airship is in an air current whose direction is not iden- 
tical with the course flown; 

4. That the size of the airship for the desired service de- 
pends on the speed; 

5- That there is a maximum speed for every size of airship; 
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6. That among the four quantities V m i n , ^rna.x> s ^> any 
three, are optional and these determine the value of the fourth. 

Part II of this article will attempt to combine these results 
in such a way as to obtain the maximum profit. 

PART II. 

Prof i t abl ene s s » - Maximum economy of a traffic enterprise is 
characterized by the fact that the difference between receipts 
and expenditures is the maximum. Hence we must always endeavor 
either to increase the receipts or reduce the expenses, or to do 
both things at the same time. 

The factors affecting the receipts vary but little, after 
the line has been established and the daily pay load determined. 
It is not the duty of the engineer to provide for the actual at- 
tainment of the expected volume of traffic- All that he can do 
is to place in the hands of the operator a vehicle fulfilling 
the requirements. The fare price and freight rate multiplied by 
the transportation work QS gives the year's income. It is, of 
course, assumed that the estimate of these values is correctly 
made in advance. 

The question of expenditures is a different one. Here it is 
the task of the engineer to deliver a vehicle that shall meet all 
the requirements with the least yearly outlay. In this connec- , 
tion the question of maximum profit becomes a question of minimum 
outlay- 
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We will attempt to show How, in cons ider'at ion of the speed, 
the suitable airship can be found for a given Q and S. 

Speed and saving of time .— It would take us too far to follow 
out, in all its details, the effect of the speed of the airships 
on the profitableness of an enterprise. It is only necessary to 
consider the essential points for rendering such an enterprise 
profitable. Here belongs, first of all, the effect of the speed 
On the traffic schedule between two places and the consequent ef- 
fect on the requisite capital. 

The traveler, for whom the voyage is not an object in itself, 
always desires the greatest possible speed. The owner, on the 
contrary, on account of the high cost, always prefers the lowest 
speed consistent with satisfactory frequency. This leads to the 
consideration of competitive enterprises between airships and rail- 
roads or steamboats. (Airplanes are not competitors, because air- 
planes and airships, on account of their special characteristics, 
really serve to supplement one another). Speed in itself is not 
the most important thing for the traveler, but only the saving in 
time or, more correctly, the diminution of the time lost. If, 
for example, a train running at the rate of 75 km per hour re- 
quires 48 hours, including stops and detours, to travel between 
two places A and B, 2500 1cm apart, the traveler is not concerned 
with the .hourly speed but only with the time loss of 48. hours. 
If an airship should carry him over the same space in 24 hours, 
there would be a time saving of 24 hours. Even this statement, 
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however, is not absolutely correct- For travelers in general, a 
saving of an hour "by day is. worth considerably more than by night. 
If both conveyances should leave the place A at the same time 
of an evening and both reach B in the evening, the train in two 
days and the airship in one day, there -would be a utilizable day- 
time saving of only 13 hours, not of 24 hours. With very few ex- 
ceptions, the 24 hours saved can be fully utilized only by a per- 
son who wishes to make a special connection at B for continuing 
his journey the same evening- If the connecting vehicle, however, 
again requires 24 hours to reach the place C and if, in addition 
to the evening connection, there is also a morning connection, 
there is again nothing gainedvas compared with a 36 hour trip from 
A to B. The traffic manager will, therefore, determine the speed 
of the airship not by dividing 2500 km by 24 (= 106 km/hx.j, hut 
by 36 (= 70 km/hr.). Any further shortening of the flight time 
would, as a rule, be uneconomical, since either the landing would 
have to be made in the night or an unfavorable change in the start- 
ing time would have to be made, which ?;ould work against the prin- 
ciple that travel by day is lost time. If, however, the flight 
time approximates an even multiple of 12 hours, every shortening 
is a gain until an uneven multiple of 12 hours is reached- (We are 
at first making no allowance- for the time required for landing 
maneuvers, embarking and debarking, loading and unloading; nor for 
the prevailing direction of the winds.) 

In Fig- 11, it is attempted to represent the time saving, the 
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plain lines (I) giving the saving for an even multiple of 12 hours 
and the dash line (II) for an uneven multiple of 12 hours. 

Flight duration and requisite number of airships .- Speed re- 
duction does not lead indefinitely to expense reduction. If a 
given load is to toe carried daily, i.e., if a definite flight sched- 
ule is to toe maintained, the flight duration, with allowance for 
the stops at the end stations, determines the number of airships 
necessary fbr maintaining the schedule. Now, since the capital 
investment depends on the number of airships, it may happen, under 
certain conditions, that a reduction in the speed (i.e., in the 
simple operating expenses) will so greatly increase the investment, 
as to make the total outlay greater instead of smaller. 

It is assumed that, in a regular daily traffic over a given 
distance, each airship should have a rest of 12 hours between 
trips. If it is further assumed that the departures are to take 
place only in the morning or evening, we ototain, toy successive in- 
crements of 12 hours in the flight duration, the schedules repre- 
sented toy Fig- 12. In (a) the flight duration is 12 hours. In 
order to avoid loss of time (i.e., to utilize the night time for 
traveling), the departures from tooth A and B must take place in 
the evening, the- intervening hours toeing employed in overhauling, 
unloading, 'loading, etc' A regular daily traffic in tooth direc- 
tions can thus toe maintained with only two airships. 

to) If the flight duration is 24 hours, the departures from 
one place will take place in the morning and from the other in the 
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evening and three airships mil he required. 

c) If the flight duration is 36 hours, the departures from 
"both places will be in the evening and four airships Trill he re- 
quired. 

d) If the flight duration is 48 hours, the departures from 
one place will occur in the evening and from the other in the 
morning, five airships being required. 

Herefrom the following rules can be deduced: 

a) If the flight duration (S * 3600 v) is an odd multiple of 
12 hours, the departures from both places will occur in the even- 
ing; 

b) If the flight duration is an even multiple of 12 hours, 
the departures from one place will occur in the evening and from 
the other in the morning- 

The required number n of airships is 

n = 12 x S 3600 v + 1 < 40 > 

Flight duration and capital investment .- If traffic service 
is desired over a given line and if the characteristics of the air- 
ships are adapted to all the conditions, especially to the desired 
speed, then the required capital will depend not on the distance, 
button thg ; „time. required to make it. The flight time determines 
the required number of airships which, in turn, determines the 
requisite arrangements at the terminal stations. Furthermore, the 
number of intermediate- stations, whether designed as regular stop- 
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ping places ox only for emergency landings, depends on the flight 
time and not on the distance. This is due to the fact that all 
considerations of this nature are based on the time. For regular 
intermediate stops, the time lost must he considered. The in- 
stallation of emergency fields is based on the consideration as to 
how long a time a damaged airship can continue flight, since S 
alone is never conclusive, hut air/ays the quotient of S v, 
i.e., the time t . 

All assumptions concerning the requisite capital are naturally 
somewhat arbitrary and hence debatable. It is, however, necessary 
to establish certain basic principles, in order to be able to pro- 
ceed. 

If the principle is adopted that a reserve airship must be 
able to reach the airship to be replaced within 24 hours after 
leaving its own hangar, we come to the conclusion, under consider- 
ation of equation (40), that there should be one reserve airship 
for every group of three airships or fraction thereof. Of han- 
gars and mooring masts there must be erected a total number equal 
to the number of airships on hand. On long routes there may be 
about twice as many masts as hangars provided. On the further as- 
sumption that one gas plant is sufficient for three airships, in- 
cluding' 'tlie' reserve airships, we arrive at ' the figures given in 
Table VIII. 
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Table VIII- 



Flight "■ 
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No-.-- of- airships 
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Intermediate stations 


duration 
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with masts- 


12 


3 


1 


3 


3 


3 


3 




34 


3 


1 


4 


3 - 


3 


3 




36 


a 


3 


6 


3 


3 


3 


1 


48 


5 


3 


7 


3 


4 


3 


1 


60 


6 


2 


8 


4 


4 


•3 


3 


73 


7 


3 


10 


4 


5 


4 


3 


84 


8 


3 


11 


4 


5 


4 


3 


96 


9 


3 


13 


5 


6 


4 


3 


108 


10 


4 


14 


5 


6 


5 


4 


130 


11 


4 


15 


5 ■ 


7 


5 


4 



It is better to disregard, at first, the effect of the size of 
the airships on the cost of the enterprise, so long as the size of 
the airships is not established, -we could only make rough estimates, 
which would have to be subsequently corrected. This omission seems 
all the more permissible, because in small enterprises, their subse- 
quent expansion would be contemplated from the first. 

The following estimates are based on various publications, e.g., 
Pratt's "Commercial Airships," Scott* s "Lectures," etc. They are 
presented only in small groups, since it is not intended to give ac- 
curate figures (almost impossible under present conditions), but 
only a calculation method. 
Assumed cost of plant : 

One hangar with wo r kshop s , et c . " § 1 , 3 50 , 000 

Land 350,000 

Total cost of a hangar station 1,500,000- 

One mooring mast 150,000 



I 
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Land §100,000 
Total cost of mast station' " 250,000 
One gas plant 600,000 



15f 0 of the total cost of the enterprise must "be raised by the 
management, as follows: 

Interest on invested capital S$> 

Sinking fund 

Upkeep 

Insurance 

Total 15f 0 



From the above figures we obtain, by means of Table VIII, the 
estimates given in Table IX. 



Table IX. 



Flight 

duration 
hr . 



13 
34 
36 
48 
60 
73 
84 
96 
108 
130 



Hangar 

1? 



3,000,000 
3,000,000 
4,500,000 
4, 500,000 
6,000,000 
6,000,000 
6,000,000 
7,500,000 
7, 500, 000 
7,500,000 



Mooring 
rpast 



500,000 
750,000 
1,000,000 
1,350,000 
1,500,000 
1,750, 000 
3,000,000 
3,350,000 
3,500,000 
3,750,000 



Gas 
plant 



1,300,000 
1,300,000 
1,300, 000 
1,800,000 
1,800,000 
3 , 400, 000 
2,400,000 
2,400,000 
3,000,000 
3,000,000 



Total 



4,700,000 
4,950,000 
6,700,000 
7,550,000 
9,300,000 
10,150,000 
10, 400, 000 
12,150,000 
13,000,000 
13,250,000 



Annual 
15f 0 



705,000 
742,500 
1,005,000 
1,3-32,500 
1,395,000 
1,522,500 
1,560,000 
1,822, 500 
1,9 50,000 
1,987,500 



In addition to the annual costs of the simple capital investment, 



there comes a series of yearly outlays more or less closely related 



to the former. These also can be only approximately estimated- 
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They are most conveniently ' expressed in percentages of the annual 
construction cost si 

Operation and upkeep 50$ 

Advertising 15$ 

Office maintenance 20$ 

interest on operating capital ..15$ 

Total 100$ 

This means that the annual costs in Table IX must be doubled, 
in order to include the above items- 

All these expenses are. independent of the length of the routes 
and of the service rendered. They depend only on flight time. 

O perating costs .- The costs of operating the airships them- 
selves fall into two groups. The first group is independent of 
whether and how much the airships are actually used, while the sec- 
ond depends only on the distance flown during the year at a given 
speed- 

It has been shown that the size of the airship is determined 
by the desired pay load, the distance between stations and the 
speed- The cost of the airships and their annual upkeep are close- 
ly related to their size.. We will not err greatly if we call the 
cost of the airship proportional to its <?.l.z<5, Cal-culatione made 
in other places admit this assumption. Corrections can be readily 
made in special cases. £1,500,000 may be considered a moderate 
price for an .airship of 100,000 m 3 gas capacity. If we assume 
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that the cost of the crew is likewise proportional to the size of 
the airship, the first group of annual expenses may be expressed 
in percentages of the original purchase price, as follows: 



Interest on cost of airship 5.0$ 

' Amortization 2 5.0$ 

Upkeep 12.5$ 

Insurance 7.5$ 

Crew - 4.0$ 

Total 54.0$ 



For further computation, these values must be connected with 
the size and number of airships. 

The simple operating expenses depend on the fuel consumption. 
If we compute the gasoline and oil together at 19 cents per kilo- 
gram, call the hydrogen consumption in cubic meters equal to the 
weight of the fuel consumed and appraise its value, with consider- 
ation of other losses, at the rather high price of 7 cents per kil- 
ogram of fuel consumed, we obtain a total cost of all the materi- 
als consumed amounting to 26 cents per kilogram of fuel consumed. 
(Under certain conditions, the flight altitude would necessitate 
a correction of the gas consumption.) The ratio of the operating 
costs to the engine power and distance flown (or flight time) is 
thus directly determined. 

Tot 8,1 annual, cost — The total cost thus consists of the annu- 
al construction costs X. the annual cost of the airships and 
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their upkeep Y and the annual cost of consumable materials (gas- 
oline, oil and hydrogen) Z. If we calculate 360 days per yea.x 
for the traffic in "both directions, we obtain a total distance of 
360 S x 2 = 720 S- The transportation service is accordingly 
720 Q S at the desired period v. 

If, according to Table IX, the- annual construction costs 
X = f(s/3600 v) are plotted in a diagram (Fig. 13), we obtain a 
nearly straight line. The construction costs must be doubled, as 
already explained, and X may therefore be replaced by 

X=2 ^ 360%^ +2 ^ Ul) 

With the values from Fig. 13, we obtain = 13070 and 

ftj = 540000- Hence 

X - 2 #~ x £ + 1080000 ( 42) 

o500 v 

The annual expenses for one airship were found to be 54% of 
its value. It was further stated that we must calculate on one 
reserve airship for every three scheduled airships- The annual 
expenses for the reserve airships are about the same as for the ' 
others, since crews and supplies must likewise be held in reserve 
for them. The annual expenses must therefore be increased l/3, 
thus making 72f 0 of the value of each airship to be taken into the 
calculation- Hence we have 0.72 4> 3 V dollars for each airship or 
with u> 2 - 515/m 3 on the basis of a previous assumption, 10.8 V 
dollars- 
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Since, however, according to equation (40), a total of 

S 

12(3600 v) 



n = -1 hrnarfs , T \ + 1 airships is required, the cost of the airships 



is 

Y - 10.8 V ( 18 X S 3600 - * l) (43) 

The annual cost of the consumables is 
Z = w 3 B-j or (with = $0.26 per leg) 
Z = 0.26 By 

If the consumables for a single trip are represented, as be- 
fore, by B, we have Z = $0.26 x 720 B or, since, according to 
equation (31), B = e S 

7 0.2S x 720 x e c V 3/3 S v s , aa\ 

Z ^ _ t 44j 

At this point it would have been more logical to employ the 
factor b instead of e (See definition). It is more conven- 
ient, however, to retain e, since the same expression occurs 
again in the further calculation- In view of this, the basic 
price of §0.26 per kg for the consumables should have been dimin- 
ished in the ratio b : e. If, however, the higher value is re- 
tained, we may consider it as. including the losses due to trial 
>a,nd- idling-runs.-, wind, etc. '. ... :. 

The ordinary annual expenses are therefore 

$ = X + Y + Z (45) 

and 
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* = teok 1 ^ V ' l3x3600v + V + — --3600- (46) 

or, with the coefficient values employed wherein, as before, 
e = 3.5 x 10 -1 and c = 3 x ICr 5 ', 

* - ^ii f + 1080000 + 10 - 8 Y (irxhtxTr + 0 

+ 0.36 x 730 X 3.5 x 3 V 3/3 5 
3600 x 10 6 

The economical sp eed.- If the chosen speed succeeds in reduc- 
ing the expenses to the minimum, this speed is the economical 
speed for the enterprise. It is much more important than the 
speed of minimum fuel consumption, which was discussed., in a pre- 
ceding section. It is of primary importance, while the speed of 
minimum fuel consumption can enter the problem only for an indi- 
vidual flight and even then only under certain conditions. 

In the further process ~ = 0 is first formed: 

QV 

= 36140 10.8 V , 0.36x730x3.5x5x3 V 5/3 v = Q 

dv 3600v 3 12X3600 v 3 ' 3600 x 10 s 

whence 

■•-a _ in s y 26140 + 3 .9 V ■ (qq) 
V " 10 X 2808 V s ' 73 ' ^ } 

This equation contains the condition for the minimum, since 
f" v > 0. From it we obtain homogeneous values of v and V. Table 
X contains a series of such values. According to 
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Table X, 



- - v - 

m 3 


26140 

+0.9V 

_ , 


S/3 

- v 


v 3 " 


V ( Pi/ R ) 


10,000 


35,140 
44,140 


464 


26,960 


29.99 


20,000 


737 


21,330 


27.73 


40,000 


62,140 


1169 


18,930 


26.65 


oU , uuu 


80,140 


1533 


18,620 


26. 50 


80,000 
100; 000 


98,140 


1856 


19,010 


26.60 


116,140 


2154 


19,200 


26.78 


120,000 


134,140 


2433 


19,630 


26.98 


140,000 


152,140 
170,140 


2696 


20,100 


27.19 


160,000 


2947 


20,560 


27.40 


180,000 


188,140 


3189 


21,010 


27.59 


200,000 


206,140 


3420 


21,460 


27.79 


250,000 


251,140 


3968 


22 , 540 


28.25 


300,000 


296,140 


4481 


23,540 


28.66 



these, the curve of the determining equation "becomes 

3 ; 



v = 10" 



26140 + Q.9 y 
2808 V 2/3 



(49) 



as plotted in Fig. 14. 

The second definitive equation, available for v and V, is 
No. (33) 



a V = k V* /5 + -i c V s/3 v 3 + & c v " /3 



S v e 



3600 



■+ Q- 



It was assumed at the outset that Q and S were of given 
magnitudes- Hence, according to Fig. 10, the corresponding curve 
III represents the second place for v and V. If this curve and the 
curve in Fig. 14 are reduced to the same scale, they intersect at 
a. point which, must fulfill the following conditions (Fig. 15): 

1- The values of v and ¥ are so coordinat ed that, with 
given Q and S, the size of the airship is the maximum for the de- 
sired speed (equation (33). 
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2. The expenses of the whole enterprise are minimum at the 
speed v (equation (49)). 

Thus the desired optimum, the economic speed for the enter- 
prise, is found. 

Even if a method is successfully developed with whose help 
we can find the economic speed of an airship for commercial pur- 
poses, it would still not necessarily follow that the calculated 
speed could he actually attained or that it would he practicable* 
It might be so great or so small as to he out of the question for 
the traffic. It was, moreover, possible that even slight changes 
in V might produce great changes in v. In either event, only 
theoretical importance could be attached to the economic speed. 

In fact, the rapidity of change was so great in the first 
portion of the curve (Fig. 14), up to a gas capacity of about 
20,000 nf as to render it difficult to harmonize the volume and 
speed at just the best values. This branch of the curve is, how- 
ever, entirely irrelevant for practical airship flight. Since 
nowadays airships of less than 75,000 m 3 are regarded as unsatis- 
factory for actual service, only volumes of 75,000 - 250,000 m 3 
are of interest- For these volumes, the nearly straight, gradu- 
ally ascending curve indicates corresponding speeds exceptionally 
suited to all other aspects of a commercial enterprise. With 
26.6 to 28-25 m/s (i-e., with a mean speed of about 27.-5 m/s) 
the economic speed is just high enough to make an airship a suc- 
cessful instrument of rapid transportation. Moreover, this speed 
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is low enough to be readily attained. Furthermore, deviations 
from the computed volume, which might be desirable for other rea- 
sons, produce only such slight changes in the economic speed as 
to be of no practical importance. Hence the result is of actual 
value, since it proves to be practically utilizable. 

Considerations regarding the ado pt ed assumptions — During the 
development of the computation method, a long series of assump- 
tions was necessary. It is therefore appropriate to consider what 
effects certain wrong assumptions might have on the results. 
There are also a few additional factors to be considered, concern- 
ing which unexplained assumptions were made. 

Costs .'- If all the costs should change uniformly (e.g., if 
they should all double), the result would not be affected. If 
the construction costs should increase, the economic speed would 
increase with the third root of the factor of change. The reverse 
would occur, if the basic prices of the consumable should rise. 

Pay load, distance, dead load, weight of each engine, re- 
serves .- Any increase in these factors would increase the volume 
of the airship and hence the economic speed. 

Specif ic fuel consumption .- If this increases, the volume in- 
creases according to equation (33) and v decreases according to 
equation (49), which takes account of the specific fuel consump- 
tion in the factor 2808. The effects of these changes offset one 
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another, at least partially- 

Wind.- In Part II of this article, the unexplained assumption 
was made that the airspeed and ground- speed were equal, i.e., that 
w = 0. Such, of course, is never the case. The effect of the wind 
generally requires a greater airspeed than ground-speed, the re- 
sult toeing to increase the fuel consumption. Hence it is well to 
allow for the effect of the wind in the corresponding valuation of 
e. In this event, v in equation (46) is replaced toy the ground- 
speed u and equation (49) then gives the value of u which re- 
duces the expenses to a minimum. 

Ground- sp eed . - Any desired change in the ground-speed can toe, 
to a certain degree, offset toy changing the duration of the stops. 

Schedule . - Any fundamental change in the schedule first neces- 
sitates a determination of the requisite number of airships. 

Time lost in landin g. - On long trips this will' not affect the 
required ground-speed, but on short trips it will necessitate an 
increase in the ground-speed. 

Low "barometer, crossing mountains — Allowance can toe made toy 
changing a or toy introducing special factors. Heretoy V is in- 
creased and sometimes also v. ' 

Example *- It is desired to estatolish airship traffic over a 
distance of 4000 km between the places A and B. It is required 
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to carry 50 passengers daily in each direction and to provide 
them with' comfortable cabins. A cabin-allowance of 320 kg is made 
for each passenger, in addition to 80 kg for his own weight. An 
allowance of 2.5 metric tons is made for provisions for passengers 
and crew, 25 metric tons for freight and 10% of the latter for 
arrangements for stowing the freight. 

Solution .- The total pay load comprises: 

50 passengers, (80 kg each) - 4000 kg 

Cabin weight, (320 kg per 

passenger; - 16000 " 

Freight, 25000 " 

% storage devices, 2500 " 



Provisions, 2 500 11 

Total 50000 " 

Fig. 16 gives both curves of equation (33) for Q = 50 t 
and S = 4000 km and also the curve v = f(v) derived from the 
corresponding values- The latter curve is intersected by the 
curve u = f T (V) plotted on the same scale according to equation 
(49). The intersection point gives: 

Ground- speed 26.5 m/s 

Volume of airship 75000 m 3 . 

"" The -ground- speed increased, over that, called for. by the sched- 
ule, to 27.5 m/s, thus making the flight time 40 hours. In order 
to show how further factors can be taken into account, the follow- 
ing conditions are assumed: 



N.A.O.A. Technical Memorandum Ho. 302 51 

A wind of 8. m/s mean velocity at an angle of 20° to the direct- 
tion A B; 

Maximum wind velocity on the course, 28 m/s; 
Mean "barometer at A, 750 mm; at B, 760 mm; 
Mean temperature at A, 10°0; at B, 15°C; 

At 1000 km from A, a mountain range to be crossed at an al- 
titude of 2000 m. 

Solution -- Talcing into account the maximum wind velocity, the 
airship would attain a maximum speed of v, = 36 m/s- The mean 
wind velocity of 8 m/s at an angle of 20° requires, for the ground- 
speed of 27.5 m/s, an airspeed ' of 

v = /u 2 + tf + 2 u w cos 20° 
to v 2 = 35.1 m/s 

and . v 3 = 20.2 m/s 

The lift coefficient is 

a A= Zfg* §f§ = 1.11 at A 

and a B = 1.17 x |Z| = ltl2 at B 

The smaller value must be employed in the computation. Ac- 
count may be taken of the altitude, either by using the logarithmic 
altitude formula or by diminishing the, lift lfo for each 80 m . in- 
crease in altitude. Thus an altitude increase of 2000 m corre- 
sponds to a lift decrease of 25$. This is increased by the fuel 
consumption over a distance of 2000 km, during which the minimum 
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airspeed is to be assumed, i.e., v 3 = 20.2 m/s; further by the 
dynamic lift which may be assumed, from experience, to be 0.05 a 7 
kg (Its maximum is about 0.1 a V kg. The obtention of this value, 
however, so greatly reduces the horizontal speed that it should be 
utilized only in case of emergency) and lastly by discharging bal- 
last R. We thus obtain 

R - h °- 01 a I h c Y 5/3 s- t v s n n _ a _ 
R .„ __x o.05 a V 

in which h denotes the flight altitude an S x the distance to 
the point where the altitude h must be attained. 

Reserve fuel can be taken into account by increasing the value 
of e to e, = 0.275 and to the higher airspeed v 2 = 35.1- 

Equation (33) now acquires the form 



a A V = k V vs + i c V s/3 v a 3 + 6l ° ^ + Q + 0.25 a A V 

2/3 c , 



- 1000 c V«" S v 3 5 

4000 3600 °'° b &A V - 

The last three terms correspond to the ballast discharged. 
Care must be exercised that the values 

0.25 a- V - b c v3/3 S ^JL - 0.05 a A V 
* 4 x 3600 

is introduced only so long as it is positive. As soon as it becomes 
negative, ^these three terms must be dropped, since otherwise the 
airship ?/ould be forced to rise from the ground by dynamic force 
alone. It is further necessary, so that the dynamic lift can be 
subsequently offset statically, that 



III mi III I I 
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. b e V 3/3 v_ a , 
0.05 a A V< 56Q0 (S - S X ). 

In the present instance the terms are retained and the equation 
accordingly becomes 

0.8 a A V » k V* /5 -t- i c V 8 " v, 8 ' + C 3%qq 3 3 (e, v 2 3 - | v 3 3 ) + Q 

or, with the adopted numerical values, 

0.8 x 1.11 1 = 3 V 4/s + 4 x 3 X 10~ 5 x 36 3 V a/3 + 

5 x 1Q- S x 4 x 10 6 V 2/3 f 0.375 x 3 5.1 2 - 0-3 x 3Q.3 3 N + 50000 
3600 v 4 

0.888 V - 3 V* /5 - 16.3 V 3/3 = 50000 
from which we obtain: V = 158 000 m 3 . 

The other conditions were intentionally so selected as to give 
a large difference in comparison with the first- found airship vol- 
ume and, indeed, in order to demonstrate that the effect on the 
economic speed is only slight. From Fig. 16 the economic ground- 
speed is found to be u = 37.5 m/s, i.e., just as great as it was 
originally adopted for the schedule. 

The scheduled speed of 37.5 m/s gives a flight duration of 
about 40 hours for 4000 km. If stops of only 8 hours are made at 
the terminal stations, the schedule would correspond to Fig. 13c, 
requiring four airships in operation and two in reserve. 

On the basis of the previous assumptions, the enterprise would 
cost as follows: 
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Capital investment : 

3 hangars at $1,500,000 $4,500,000 

3 masts " 250,000 7 50,000 

3 gas plants at 600,000 1,300,000- 

6 airships " 2,400,000 14,400,000 

Operating capital 3.000,000 

Total $23,850,000 

Annual expenses : 

2 x 15f 0 of the construction cost $ 1,935,000 

54$ of the airships 1 ' cost 7,776,000 

Consumable s 3, 140, 000 



Gas loss from altitude 1. 572 ,000 

Total $14,225,000 



The cost of the consumables was computed from 

0.26 x 360 x b x c V 3/3 S (v 3 5 + v 3 a ) 
, ___ ~ 

and the value of the gas loss (due to altitude) from 

0.07 '(720 X 0.35 a A V - 560 * C g^li + >V 

The sum of §14,223,000 is the minimum amount of the annual ex- 
penses capable of carrying on the enterprise under the given condi- 
tions- 

The receipts , for covering the above costs, were computed as 
follows: 
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* 

Each trip required: 
50 passengers with a total weight, 

including cabin, of 50 x 400 20,000 kg 

Freight, including weight of storerooms, 27,500 " ■ 

Provisions, 2,500 " 

The weight of the provisions may he assumed as 4/5 for the 
passengers and 1/5 as freight, "by dividing the crew's provisions 
of 2/5 of the whole equally between the two pay classes, passengers 
and freight. Thus we obtain as pay load: 

50 passengers at 440 kg = 22,000 kg 

25,000 kg x 1.12 kg = 28.000. " 

Daily one-way total 50,000 " 

The total weight carried annually is thus 50000 kg x 720 = 
36,000,000 kg and the cost per trip is £14,233,000 * 36,000,000 = 
§0.40 per kilogram, i.e., §176 for each passenger and £0.448 per 
kg of freight- Reduced to unit distance, this gives: 
Per passenger- kilometer, $0,044 
Per freight-kilometer, 0.000112 per kg. 

All receipts above these figures are pure profit. 



Translation by Dwight M. Miner, 
National Advisory Committee 
for Aeronautics. 
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Figs. 7 & 8 
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